The genomic region encoding the major capsid protein (hexon) of murine adenovirus type 1 (MAV-1) has been isolated and sequenced. The sequence predicts a 908 residue MAV-I hexon protein and is flanked by a portion of the upstream pVI gene and the downstream endoproteinase gene. The order of these genes and their location in the middle of the genome are the same as those found in other adenoviruses sequenced to date. Multiple sequence alignment with the other five known hexon protein sequences reveals an overall residue identity of 51% and residue conservation of 66 %. In comparison with human adenovirus type 2 (Ad2), MAV-1 hexon has major deletions between residues 141 to 170, 270 to 284 and 446 to 455. Since these regions in the Ad2 hexon are partially exposed on the outer surface of the virion, they may represent type-specific antigenic determinants. The MAV-1 hexon sequence has been modelled using the known three-dimensional structure of the Ad2 hexon. The variable regions in which the mutations, deletions and insertions occur are located in the 11 and 1~ loops of the molecule that form the protruding hexon towers on the external surface of the virion.
Introduction
Adenoviruses have been isolated from a variety of vertebrates in association with a correspondingly wide range of diseases. The molecular biology of a few of the 41 different human serotypes has been and continues to be investigated intensively. Relatively little is known about the molecular basis of adenovirus pathogenesis. Murine adenoviruses offer the opportunity to study molecular pathology in the natural host. Murine adenovirus type 1 (MAV-1) has adrenal and cardiac tropism (reviewed in Ishibashi & Yasue, 1984) . The MAV-1 early regions El, E3 and E4 and the late regions corresponding to IVa2 and the endoproteinase gene have been sequenced and these data suggest that the organization of the genome is similar to that found in human adenoviruses (Ball et al., 1988 (Ball et al., , 1989 (Ball et al., , 1991 Beard et al., 1990; Cai et al., 1992; Kring & Spindler, 1990) .
The adenovirus hexon is the most abundant of the 11 virus-encoded structural polypeptides. Hexons form 240 of the 252 virion capsomers and contain both typespecific and group-specific antigenic determinants (Will-
The nucleotide sequence data reported in this paper have been submitted to the EMBL/GenBank database and assigned accession number M81889. cox & Mautner, 1976; Pettersson, 1984) . To learn more about the structura.1 basis of the antigenic variation found in this abundant virion protein, we have determined the nucleotide sequence of the hexon gene encoded by MAV-1 and compared the predicted protein sequence with that of human adenovirus type 2 (Ad2) hexon protein.
Methods
Clones. The Sinai A and D fragments of MAV-I, strain FL, were obtained from Dr Katherine R. Spindler (University of Georgia, Athens, Ga., U.S.A.). These fragments had been cloned into the vector pUC18CM to give plasmids pMSA and pMSD.
DNA sequencing. M13 phage DNA was sequenced by standard dideoxynucleotide chain termination using materials purchased from Pharmacia. The sequence was read and assembled by means of a gel reader and software from International Biotechnologies.
Computer analysis. Sequence analysis was performed with version 7.0 of the University of Wisconsin Genetics Computer Group (GCG) package (Devereux et al., 1984) . Databank searches were made with FASTA (GCG) and BLAST (Altschul et al., 1990) . Multiple sequence alignment was accomplished with CLUSTAL V (Higgins et al., 1992) .
Molecular modelling. The structure of Ad2 hexon was displayed using FRODO (Jones, 1978) installed on an Evans & Sutherland ESV 20 graphics workstation. The structure of Ad2 hexon was first altered so that the sequence corresponded to that of the MAV-1 sequence. The side-chain atoms of the mutated residues were set to standard conformations. Subsequent structural analyses of the model were carried out using QUANTA (Polygen). For structural analysis, conservative amino acid changes were defined as follows: all exchanges between hydrophobic residues (Ala, Gly, Leu, Ile, Val, Cys, Met); exchanges between aromatic residues (Phe, Tyr, Trp, His); exchanges between Thr and Ser; exchanges between similarly charged residues. Any exchange of a proline was considered to be a non-conservative change.
Results and Discussion

Sequencing and comparison with other hexons
The SmaI D fragment of MAV-1 was digested with PstI and the two resulting fragments were subcloned into ml3mpl8 and ml3mpl9. The SmaI A fragment was digested with HindIII and the smallest of the resulting three fragments was similarly subcloned (Fig. 1) . These clones were sequenced to locate the hexon reading frame. Fig. 2 shows the 3020 nucleotide (nt) sequence of the 1, or late protein coding strand (5' to 3'). Starting in reading frame one (RF1), nt 1 to nt 183 form an open reading frame (ORF) that corresponds to the C-terminal 61 residues of the PVI protein. This protein segment shows 37 % identity and 60 % conservation when aligned with the Ad2 PVI protein. Following a 90 nt non-coding region, the hexon ORF is in RF3 running from nt 273 to nt 2999 thus predicting a protein of 909 amino acids. Because for most Ad2 proteins, including the hexon, the initiator methionine is removed and the new N-terminal residue is acetylated, we assume the MAY-1 hexon is also acetylated and contains 908 residues. Eight nucleotides beyond the hexon in RF1 is the start of the proteinase ORF, the sequence of which we have reported elsewhere (Cai et al., 1992 ; also see map in Fig. I) .
A homology search of the Swiss-Prot protein database The lower figure shows the present sequence (1 to 3020) joined to an overlapping sequence (2994 to 4155) that was reported previously (Cai et al., 1992) . The numbers at the bottom of the figure denote the first and last nucleotides of each ORF. PVI, hexon and proteinase (EP) are transcribed towards the right, and the DNA-binding protein (DBP) towards the left. using BLAST with the predicted 908 residue MAV-1 hexon identified the hexons of adenovirus type 2 (Ad2), Ad5, Ad40, Ad41 and bovine adenovirus type 3 (BAV-3) as the only significantly homologous proteins. The amino acid sequence of each of these hexons was translated from its DNA sequence and a multiple sequence alignment was generated with CLUSTAL V (Fig. 3) . This alignment shows a 51% residue identity and 66 % residue conservation among the six he×ons.
Several features that are conserved in the sequence are worth noting. The N-terminal Ala is conservatively replaced by Thr in MAV-1, but this change still obeys the N-end rule for stable proteins (Varshavsky, 1992) . Five consensus sites for phosphorylation are conserved , numbered in the MAV-1 sequence), although the Ad2 and Ad5 hexons (the only ones studied) are not known to be phosphorylated (Russell & Blair, 1977; Weber & Khittoo, 1983) . A single adenovirus proteinase consensus cleavage site [(L,I)XGXGI is conserved which would permit a potential cleavage between residues 566 and 567. This site is apparently not cleaved in vitro when disrupted Ad2 virions are exposed to the adenoviral proteinase (Bhatti & Weber, 1979a, b) .
Two striking results emerge from this study. The first is the significant homology observed throughout the molecule, except in the regions of residues 131 to 331 (in the base domain P1 and loop 11 of the molecule, see below) and residues 419 to 530 (numbering with reference to Ad2). The second is the consistent deletion in the region of residues 139 to 170 in all other serotypes compared with Ad2 hexon. In the murine and bovine adenovirus hexons, the major deletion occurs between residues 14l and 170. In human adenovirus hexons, the deletion occurs between residues 139 and 170 in Ad40 and Ad41, but it is very short in Ad5 (164 to 170). These regions in Ad2 are partially exposed on the outer surface of the adenovirus virion (Stewart et al., 1991) . The other deletions in the murine sequence occur in loop 11 (205 to 210, 270 to 284 and 313 to 316) and in loop 1~ (432 and 446 to 455). The region 140 to 290 was predicted to define the type-specific antigenic sites from biochemical studies based on Ad2 and Ad5 (Mautner & Willcox, 1974) . Further, Toogood et al. (1992) recently used sera against peptide from loops 11 and 13 to define regions 281 to 292 and 441 to 455 as type-specific antigenic sites in Ad2.
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. • Fig. 3 . Sequence alignment of the six hexons from four human, one bovine and one murine adenoviruses. The alignment was obtained with CLUSTAL V (Higgins et al., 1992) , using a value of lO for both fixed and floating gap penalties. Residue numbering is according to Ad2. The asterisks and dots denote identical and conserved residues respectively. The horizontal arrows indicate the location of structural loops 1 z and 1~, and the two bars locate the type-specific regions (281 to 292 and 441 to 455). The vertical arrow between residues 566 and 567 is a potential adenovirus proteinase cleavage site.
virus evolution. This is a way to accommodate different antigenic sites in different serotypes with minimal structural changes in the portion of the molecule involved in forming the outer shell of the virion.
Structure of Ad2 hexon
The functional identity and the 66% residue conservation among the six hexons predicts a high degree of structural homology. This was indeed the case when the human Ad40 hexon was modelled on human Ad2 hexon (Toogood et al., 1989) . The atomic structure of the Ad2 hexon (Fig. 4) has been solved at 0.29 nm resolution (Roberts et al., 1986 ; F. K. Athappilly, R. Murali, Z.
Cai & R. M. Burnett, unpublished data) and exhibits the following features. Ad2 hexon is a trimer containing three polypeptide chains of 967 amino acids. The hexon consists of two distinct parts: a triangular 'top' 6.4 nm high with three towers, and a pseudo-hexagonal 'base' 5.2 nm high with a central cavity. The trimer is formed from three copies of the pedestal domains, P1 and P2, in the base and three copies of the tower domain at the top. The two pedestal domains, P1 and P2, are very similar, as each has an eight-stranded flattened/?-barrel arranged with the same 'jelly-roll' topology (Richardson, 1981) . Each tower domain is formed by loops 11 and 14 from adjacent subunits and loop 12 from the opposed third subunit of the trimer. This unusual configuration confers stability on the trimer.
The 'jelly-roll' topology is also found in the coat proteins of small spherical plant and animal viruses. Though this topology is not unique to viral proteins, it is consistently observed in viral architecture (Liljas, 1986; Harrison, 1990) .
Structural analysis of the MA V-1 hexon
The changes in the amino acid sequence of the Ad2 hexon required to bring it into agreement with the MAV-1 sequence are shown on the Ad2 structure in Fig. 5 . Most of the mutations, deletions and insertions occur in loops 11 and 12 of the molecule. These loops are flexible structures and are quite capable of accommodating any changes in the amino acid sequence since they are not necessary for structural stability and are not involved in hexon-hexon contacts within the capsid. Thus, it is not surprising to see a large deletion in the MAV-1 sequence within loop 11 . However, such changes do not occur in loop 14, presumably because it is buried beneath 11 and 12 876 Fig. 4 . The structure ofAd2 hexon is shown using ribbon representation (Priestle, 1988) . The fl-strands are shown as arrows and a-helices as coils. The hexon monomer consists of two pedestal domains P1 and P2 at the base, and three major loops 11 , 12 and 14 at the top. The pedestal domains are eight-stranded fl-sheets with the same 'jelly-roll' topology. The loops, which emerge from adjacent pairs of fl-strands in the base, form the triangular tops of the hexon trimer. Loops 11 (146 to 335) and 12 (417 to 535) rise from PI (90 to 145, 336 to 416, 536 to 650), and 14 (819 to 876) rises from P2 (651 to 698, 730 to 787, 877 to 937). Loop 13 (699 to 729) from P2 is not part of the top but stabilizes the interface between P1 and P2. The regions that were previously shown to contain the type-specific antigenic sites (Mautner & Willcox, 1974; Toogood et al., 1992) are marked: 141 to 170 (a), 272 to 285 (b) and 447 to 485 (c).
and is therefore required for structural stability. The only possible structural problem arises because one of the major deletions in loop 11 (141 to 170) extends into one of the two eight-stranded fl-barrels that form the pedestal (Fig. 5) . This domain is a major component of the base and is required for structural stability. However, a similar structural change is observed in Ad40 and Ad41 and earlier model building studies showed (Toogood et al., 1989) that such a change would alter the length of a strand, but would not affect the fundamental structure of the fl-barrel. A similar analysis of the MAV-1 sequence leads to the same conclusion since the pattern of its amino acid changes relative to Ad2 is very similar to that seen in Ad40.
The main conclusion from this study is that, as further hexon sequences are becoming available, Ad2 and Ad5 hexons are emerging as the exceptions rather than the rule for the prototype sequence. These two hexons have an 11 loop that is 30 residues longer than that found in the other hexons. Curiously, both contain an extremely acidic region. Ad2 has no less than 16 consecutive glutamates or aspartates and Ad5 has 11. As these two types cause respiratory infections in humans, it is tempting to speculate that this acidic stretch is involved in targeting the virus to the respiratory tract. As human gene therapy (Anderson, 1992 ) is rapidly becoming a reality with adenovirus emerging as an important vector, the necessity of confirming such correlations is becoming increasingly urgent.
